
1 

  

 1 

 2 

 3 

 4 
 5 
 6 
Optogenetic rescue of a developmental patterning mutant  7 

  8 
 9 
Heath E. Johnson1, Nareg J.V. Djabrayan2, Stanislav Y. Shvartsman2,3,4, Jared E. Toettcher1 10 
  11 
 12 
1 Department of Molecular Biology 13 
Princeton University, Princeton NJ 08544 14 
 15 
2 Department of Chemical and Biological Engineering 16 
Princeton University, Princeton NJ 08544 17 
 18 
3 Lewis Sigler Institute for Integrative Genomics 19 
Princeton University, Princeton NJ 08544 20 
 21 
4 Center for Computational Biology,  22 
Flatiron Institute, New York, NY 10010 23 
 24 
 25 
Corresponding Author and Lead Contact: 26 
 27 
Jared Toettcher 28 
Lewis Thomas Laboratory Room 140 29 
Washington Road 30 
Princeton, NJ 08544 31 
609-258-9243 (phone) 32 
609-258-1894 (fax) 33 
toettcher@princeton.edu  34 



2 

  

Summary 35 

Animal embryos are patterned by a handful of highly conserved inductive signals. Yet in most 36 

cases it is unknown which pattern features (i.e., spatial gradients or temporal dynamics) are 37 

required to support normal development. An ideal experiment to address this question would be 38 

to “paint” arbitrary synthetic signaling patterns on “blank canvas” embryos to dissect their 39 

requirements. Here we demonstrate exactly this capability by combining optogenetic control of 40 

Ras/Erk signaling with the genetic loss of the receptor tyrosine kinase-driven terminal signaling 41 

patterning in early Drosophila embryos. Blue light illumination at the embryonic termini for 90 42 

min was sufficient to rescue normal development, generating viable larvae and fertile adults from 43 

an otherwise-lethal terminal signaling mutant. Optogenetic rescue was possible even using a 44 

simple, all-or-none light input that reduced the gradient of Erk activity and eliminated 45 

spatiotemporal differences in terminal gap gene expression. Systematically varying illumination 46 

parameters further revealed that at least three distinct developmental programs are triggered at 47 

different signaling thresholds, and that the morphogenetic movements of gastrulation are robust 48 

to a three-fold variation in the posterior pattern width. These results open the door to controlling 49 

tissue organization with simple optical stimuli, providing new tools to probe natural 50 

developmental processes, create synthetic tissues with defined organization, or directly correct 51 

the patterning errors that underlie developmental defects. 52 

  53 
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Introduction 54 

During animal development, the embryo is patterned by gradients of protein activity that 55 

define cells’ positions along the body axes and within developing tissues [1]. In recent years, 56 

many developmental patterns have been characterized in precise quantitative detail in individual 57 

embryos [2-4]. Yet in nearly every case it remains unknown which features of a signaling 58 

patterns carry essential information: the instantaneous protein concentration, the area-under-the-59 

curve, or the total duration of signaling above a threshold. The quantity of information contained 60 

in a single pattern also remains mysterious: how many distinct levels are read out by the genetic 61 

networks that serve as signal interpretation systems, and how long does it take to transfer this 62 

information? 63 

 64 

To address these questions, we envisioned an idealized experiment to better define the 65 

information contained in a developmental pattern (Figure 1A) [5]. First, one might prepare 66 

mutant embryos in which a specific signaling pattern is completely eliminated. On this 67 

background one might then apply a synthetic signaling pattern, varying features such as its 68 

shape, intensity, or duration and monitoring the capability of each to rescue the developmental 69 

process. Although such an experiment has historically been intractable, we reasoned optogenetic 70 

control over cell signaling opens the door to exactly this capability. An appropriately-tailored 71 

light input could be used to produce any spatiotemporal signaling pattern, enabling a biologist to 72 

test for the minimal features required to support proper development, or allowing a bioengineer 73 

to apply non-natural stimuli to implement novel tissue architectures or morphogenetic programs 74 

[5-7].  75 

 76 
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 77 

We thus set out to perform an optogenetic rescue of terminal signaling, the first pattern of 78 

receptor tyrosine kinase (RTK) activity during Drosophila embryogenesis [8]. Terminal 79 

signaling is orchestrated by localized activation of the RTK Torso (Tor) by its ligand Trunk 80 

(Trk) at the embryonic anterior and posterior poles (Figure 1B). Quantitative studies of terminal 81 

signaling in individual embryos have revealed a reproducible terminal-to-interior gradient that is 82 

dynamically established over a 2-hour window in early embryogenesis [9]. This gradient is 83 

essential: embryos from mothers lacking Tor, Trk, or the required co-factor Torso-like (Tsl) 84 

completely lack a terminal signaling gradient and are defective in a wide variety of anterior- and 85 

posterior-localized processes, including the formation of mouth parts and tail structures, the 86 

differentiation of many endoderm-derived tissues, and the ability to coordinate tissue movements 87 

during gastrulation [10, 11]. Yet the nature and quantity of information contained in the terminal 88 

pattern is still unclear. The naturally-observed gradient of Tor activity activates the two classic 89 

Figure 1. Painting developmental signaling patterns on a blank canvas.  
(A) Upper: immunofluorescence (IF) for doubly phosphorylated Erk (ppErk; red) in a nuclear cycle 14
(NC14) embryo, exhibiting the characteristic terminal gradient. Middle: IF for ppErk in a trk1 mutant NC14 
embryo, showing complete loss of terminal ppErk at the termini. Lower: Schematic of the proposed
experiment, where light is applied on the trk mutant background to potentially restore Erk activity and
function. All embryos in the figure are oriented with anterior to the left and ventral downward. (B) Because 
the light-activated OptoSOS system directly activates Ras/Erk pathway downstream of receptor tyrosine
kinases, it can be functionally combined with the genetic loss of Tor, Tsl or Trk, the three receptor-level 
components normally active at the embryonic termini. See also Figure S1. 
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terminal gap genes Tll and Hkb in distinct but overlapping domains, supporting the notion that 90 

spatiotemporal variations in pathway activity play an important role [12-14]. On the other hand, 91 

seminal prior work demonstrated that many features of the terminal loss-of-function phenotype 92 

could be rescued by supplying rather crude sources of activity, for example by injection of tor 93 

RNA or constitutively-active Ras protein at the poles [15, 16]. The precise requirements for a 94 

rescuing terminal pattern thus remain to be defined. 95 

 96 

Here, we report rescue of the full Drosophila life cycle from OptoSOS-trk embryos that 97 

completely lack receptor-level terminal signaling but whose Ras/Erk signaling can be controlled 98 

with light. Illuminated OptoSOS-trk embryos develop normal head and tail structures, gastrulate 99 

normally, hatch, metamorphose, mate and lay eggs. Full phenotypic rescue is possible despite the 100 

use of simple all-or-none light inputs that limit the graded information contained in the terminal 101 

pattern, for example eliminating expression differences in reporters of the terminal gap genes tll 102 

and hkb. We define the lower essential limits of terminal signaling, demonstrating that at least 103 

three distinct developmental switches are triggered at successively increasing illumination 104 

thresholds. Our study thus demonstrates that Ras activation by SOS is sufficient to recapitulate 105 

all the essential features of receptor tyrosine kinase signaling at the embryonic termini. It also 106 

suggests the spatial gradients of Erk activity normally observed at the termini are not required, at 107 

least in the presence of the embryo’s additional sources of anterior-posterior positional 108 

information. These data provide a first step towards defining the essential information contained 109 

in developmental signaling patterns and open the door to optically programming cell fates and 110 

tissue movements with high precision in developing tissues. 111 

 112 
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Results 113 

Light-controlled terminal signaling rescues normal development 114 

We first set out to establish a genetic background where light could be used as the sole 115 

source of Erk activity at the embryonic termini, so that its ability to rescue subsequent 116 

development could be assessed. Two attributes make terminal signaling an ideal system for 117 

optogenetic rescue. First, all three components of the Trk-Tor-Tsl receptor/ligand system are 118 

maternal-effect genes [10], so flies that are homozygous-null for any of the three genes develop 119 

normally, provided that the gene products are maternally deposited in the egg to produce the 120 

terminal pattern. Thus, in principle, one may be able to rescue the organism’s full life cycle by 121 

replacing this single developmental pattern with light. Second, we previously developed the 122 

OptoSOS optogenetic system for control over Ras/Erk signaling, a key downstream effector 123 

pathway of terminal signaling, in contexts ranging from cultured mammalian cells [17, 18] to the 124 

Drosophila embryo [19, 20]. In this system, a switch from darkness to light induces SOS 125 

membrane localization within seconds, followed by Erk activation and expression of Erk-126 

dependent target genes (e.g. tll in the case of the early Drosophila embryo; see Ref. 19), whereas 127 

a switch to darkness triggers a rapid reversal of this process, returning Erk activity and gene 128 

expression to their baselines also on a timescale of minutes [17, 21, 22]. OptoSOS is ideal for 129 

attempting light-based rescue because it activates Ras downstream of receptor-level stimulation 130 

(Figure 1B), and can thus be combined with mutations targeting receptor-level signaling to place 131 

terminal Ras/Erk signaling solely under optogenetic control [23]. Indeed, in preliminary 132 

experiments comparing embryos harboring loss-of-function perturbations targeting 133 

receptor/ligand signaling (trk and tsl loss-of-function mutants and a Tor RNAi line; Figure S1; 134 

Figure 1A; Supplementary Methods), we found that OptoSOS-expressing embryos produced 135 
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from trk1 mothers lack all endogenous terminal signaling activity [24], but when placed under 136 

uniform blue light these embryos exhibit phenotypes associated with strong gain-of-function 137 

terminal signaling [19]. We thus focused on these “OptoSOS-trk” embryos for subsequent 138 

experiments. 139 

 140 

We next set out to determine whether applying light to OptoSOS-trk embryos would be 141 

sufficient to restore various embryonic structures that are dependent on terminal signaling, and if 142 

so, which features of the stimulus might prove to be essential. We began with a simple light 143 

stimulus: binary, all-or-none illumination of the anterior or posterior pole. We matched the light 144 

stimulus duration (90 min), spatial range (roughly 15% of the embryo’s length) and intensity 145 

level (one pulse every 30 sec) to roughly match the parameters observed for doubly- 146 

phosphorylated Erk during endogenous terminal signaling, which we quantified here (Figure S2) 147 

and in a prior study [4]. Importantly, our optogenetic stimulus eliminates both the complex 148 

temporal dynamics and spatial gradient of the endogenous terminal pattern. Yet even this simple 149 

all-or-none light stimulus, delivered to the anterior pole, was sufficient to restore head structures 150 

that were indistinguishable from those in wild-type embryos (Figure 2A; see Table S1 for 151 

number of embryos with rescued phenotypes). Similar results were obtained upon posterior 152 

illumination, which was sufficient to restore the formation of tail structures such as posterior 153 

spiracles as well as the 8th abdominal segment (Figure 2B).  154 

 155 

To assess the rescue of other terminal signaling-dependent processes that are difficult to 156 

individually monitor, we applied similar all-or-none light patterns at both embryonic termini and 157 

visualized the remainder of their development by differential interference contrast (DIC) 158 
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159 

microscopy (Figure 2C). Approximately 30% of the embryos illuminated in this manner were 160 

able to gastrulate normally, complete the remainder of embryogenesis, and hatch from the 161 

imaging device (Video S1). We collected larvae that hatched on the microscope and maintained 162 

Figure 2. Light-controlled terminal signaling rescues normal development.  
(A-B) Cuticle preparations from embryos that were illuminated for 90 min at the anterior-most 15% of the 
embryo (in A) or posterior-most 15% of the embryo (in B) with 0.6 sec pulses of saturating blue light 
delivered every 30 sec. Head structures, the 8th abdominal segment, and tail structures (marked “T”) are
formed normally in wild-type embryos (left images) are truncated or absent in embryos lacking terminal
signaling (middle images), but are rescued after 90 min of illumination at the appropriate pole (right 
images). (C) Still images from DIC time-lapse videos of gastrulation in wild-type embryos, OptoSOS-trk
embryos without illumination and OptoSOS-trk embryos illuminated at both poles. Highlighted regions
mark posterior midgut invagination (yellow) and germ band elongation (red). (D) Complete rescue of 
OptoSOS-trk animal development by 90 min illumination at both the anterior-most and posterior-most 15% 
of the embryo with 0.6 sec pulses of saturating blue light delivered every 30 sec. Embryos hatch, eclose, 
and mate. The embryos produced by female light-rescued flies exhibit the trk mutant phenotype (red 
arrows). All embryos in the figure are oriented with anterior to the left and ventral downward. See also
Figure S2, Table S1 and Video S1. 
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them in standard tubes, where they proceeded normally through each instar, pupated and 163 

produced normal adult flies (Figure 2D). Finally, we reasoned that optogenetically-rescued 164 

female adult flies produced in this manner should still be trk-null, so the embryos produced by 165 

these females should still harbor phenotypes consistent with the maternal loss of terminal 166 

signaling. Indeed, all embryos laid from light-rescued mothers failed to hatch, and cuticle 167 

preparations revealed the trk phenotype in all progeny (head defects; absence of the 8th 168 

abdominal segment and tail structures) (Figure 2D). Taken together, these data confirm the 169 

optogenetic rescue of terminal signaling in Drosophila embryogenesis. Simple synthetic 170 

signaling patterns, generated by local blue light illumination, were thus sufficient to overcome 171 

lethal defects in body segmentation, tissue morphogenesis, and cell differentiation to restore the 172 

entirety of the fly’s life cycle. 173 

 174 

Optogenetic stimulation eliminates differences in terminal gap gene expression domains 175 

Our optogenetic stimulation experiments relied on all-or-none light inputs, stimuli which we 176 

previously found to result in precise, subcellular spatial control over SOS membrane recruitment 177 

in the early Drosophila embryo [20]. However, many processes may still act to blur these precise 178 

inputs into a spatially-graded response (e.g., light scattering, diffusion of active components of 179 

the Ras/MAPK pathway within the syncytial embryo, or other gradients of gene expression along 180 

the anterior-posterior axis that might modulate the activity of the terminal signaling pathway). 181 

We thus set out to quantify the spatial distribution of Erk activity and downstream gene 182 

expression in response to the same all-or-none light stimulus used in our optogenetic rescue 183 

experiments. To circumvent the challenge of fixing and staining individual locally-illuminated 184 
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embryos, we relied on live-cell fluorescent biosensors to measure Erk activity and gene 185 

expression with high spatiotemporal resolution. 186 

 187 

To measure Erk activity, we turned to a recently-developed biosensor, miniCic, that 188 

translocates from the nucleus to cytosol upon phosphorylation by Erk in Drosophila (Figure 189 

S3A) [25]. We generated embryos that co-expressed miniCic-mCherry and the OptoSOS system 190 

(STAR Methods) and verified that this system could indeed be used in the early embryo by 191 

visualizing the endogenous terminal signaling gradient (Figure S3B). We then locally 192 

illuminated embryos and quantified nuclear miniCic as a function of position from the edge of 193 

our illumination pattern (Figure S3C-F). As a control, we quantified nuclear miniCic from the 194 

embryo’s poles along the endogenous terminal gradient. We fitted Hill curves to each embryo’s 195 

nuclear miniCic intensity as a function of position to measure the distance over which Erk was 196 

active as well as the steepness of its on-to-off switch (Figure S3G-H). We found that light could 197 

be used to trigger patterns on a shorter length-scale than the endogenous gradient: miniCic 198 

localization returned to baseline within 60 μm from the edge of the illuminated region, versus 199 

extending 120 μm from the termini in the endogenous pattern (Figure S3G). Light also resulted 200 

in a steeper on-to-off switch, measured by the distance over which miniCic localization switched 201 

from 10% to 90% of its baseline nuclear intensity (Figure S3H). Our approach likely over-202 

estimates the sharpness of the endogenous pattern, as kinase biosensors are typically quite 203 

sensitive and can become saturated at sub-maximal levels of pathway activity [26], leading a 204 

shallow, high-amplitude gradient of Erk activity [4] to be clipped at the biosensor’s maximum 205 

value and thus appear to switch over a shorter range than the true activity gradient. 206 

 207 
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 208 

Figure 3. Light stimulation eliminates spatiotemporal differences in terminal gap gene expression.  
(A-B) Images are shown of OptoSOS embryos (in A) and OptoSOS-tsl embryos (in B) expressing MCP-
mCherry and harboring MS2 stem-loops driven by the tll or hkb upstream regulatory sequences (magenta
and green, respectively). Embryos are oriented with posterior pole to the left. Images are maximum intensity
projections across all z-frames and time points during the indicated nuclear cycles, with transcriptional foci
marked with colored circles. In B, 0.6 sec pulses of saturating blue light were delivered every 30 sec to the 
shaded region. Scale bar: 50 μm. (C) Histogram showing the spatial distribution of transcriptional foci for
tll (left panel) and hkb (right panel) for the endogenous gradient (embryos as in A; gray) and light 
stimulation (embryos as in B; blue). Each curve represents data pooled from at least three embryos. (D) 
The spatial extent of gene expression for tll and hkb was measured for the endogenous pattern (left bars)
and light stimulation (right bars) for the same embryos quantified in C. Dotted blue box shows extent of
illumination. Mean + S.E.M. is shown for at least three embryos. See also Figure S3, Table S2 and Video 
S2. 
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We next set out to characterize the spatial patterns of two Erk-dependent target genes, tll and 209 

hkb, that act to specify terminal cell fates and which are normally expressed in distinct domains. 210 

Prior studies revealed that tll is normally expressed over a broader range than hkb [20, 27, 28], a 211 

finding that is consistent with activation of tll by lower levels of active Erk [13, 19]. We 212 

generated embryos that expressed a fluorescent MCP protein and where either the tll and hkb 213 

upstream regulatory sequences drove expression of MS2-tagged mRNAs, in genetic backgrounds 214 

with normal terminal patterning or a variant of our optogenetic rescue system (OptoSOS-tsl) 215 

(Methods; Figure 3A; Video S2) [21]. Imaging the endogenous terminal pattern revealed 216 

distinct domains of tll and hkb transcriptional foci as expected, with tll expressed earlier (NC11 217 

to early NC14) and over a broader domain, and hkb expressed primarily during NC13-14 and 218 

localized more tightly at the poles ( Figure 3A; right panels; see Figure S3I for quantification 219 

over time). These distributions of RNA production were in good agreement with previously-220 

measured distributions of total tll and hkb RNA [20].  221 

 222 

In contrast, stimulating OptoSOS-tsl embryos under the same all-or-none illumination 223 

conditions previously used for optogenetic rescue (0.6 sec pulses every 30 sec to the anterior-224 

most and posterior-most 15% of individual embryos) produced a different result (Figure 3B). In 225 

this case, the expression domains for tll and hkb more closely matched one another in induction 226 

timing and spatial range. Both reporters exhibited transcriptional bursts in response to light that 227 

appeared between NC10-13, increasing in NC14 until gastrulation (Figure 3B; Figure S3J). The 228 

spatial distribution of gene expression was also similar across both reporters and resembled the 229 

broad distribution of the endogenous tll pattern (Figure 3C). We quantified the boundary of gene 230 

expression from the posterior pole in multiple light-stimulated embryos, which confirmed our 231 
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observations and also revealed that terminal gene expression extended some tens of micrometers 232 

beyond the edge of the illumination pattern, just as had been observed for miniCic nuclear export 233 

(Figure 3D). No terminal gap gene expression was observed in control, dark-incubated 234 

OptoSOS-tsl embryos (Figure S3K-L). 235 

 236 

Taken together, our data indicate that our all-or-none “rescue stimulus” also substantially 237 

reduces the amount of graded information contained within the terminal pattern. Most crucially, 238 

it eliminates major differences in the spatial domains and timing for reporters of tll and hkb, two 239 

target genes are thought to mediate the majority, if not the entirety, of terminal signaling. While 240 

some caution must be used in interpreting transcriptional reporters of regulatory regions, these 241 

reporters match the endogenous domains of tll and hkb expression and are activated only in 242 

response to OptoSOS stimulation, suggesting that at least Erk-dependent responses are intact and 243 

accurate. Importantly, quantification of Erk activity and transcriptional responses revealed that 244 

even our sharp, localized light stimulus is blurred tens of micrometers in the context of the 245 

embryo, suggesting that graded information is reduced but not perfectly eliminated by our 246 

optogenetic stimulus. Because the patterns of Erk activity and gene expression extend 247 

substantially further from the edge of the illumination pattern than the sharp boundaries of 248 

SOScat membrane recruitment [20], they likely do not represent light scattering, but rather 249 

reflect downstream intracellular processes such as signal propagation through the cytosolic MAP 250 

kinase cascade [29] or cytosolic flow during syncytial nuclear division cycles [30].  251 

 252 

At least three levels of terminal signaling trigger distinct developmental programs 253 
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The rescue of all anterior and posterior tissue responses by a single all-or-none light pattern 254 

is consistent with two different models of terminal cell fate choice. First, Erk activity may be 255 

sensed by a single downstream program that triggers all terminal processes as pathway activation 256 

crosses a single threshold [16]. Alternatively, individual terminal processes may be rescued one 257 

by one as the signaling input crosses distinct fate-specific thresholds [13]. To distinguish the 258 

number of cell-fate switches and identify their thresholds, we set out to map terminal phenotypes 259 

in response to variations in the strength optogenetic stimulus (Figure 4; see Table S1 for number 260 

of embryos with rescued phenotypes). Optogenetic control is also ideally poised to further 261 

distinguish what feature of an input signal is sensed – its level, duration above a threshold, or the 262 

total dose (i.e., intensity * time) – and we indicate which is varied in each experiment that 263 

follows. 264 

 265 

We started with a brief light input – a single 5 min bolus of global, continuous illumination – 266 

reasoning that it would be much shorter than the 20-90 min periods of Erk activation that are 267 

typically triggered by RTK activation [31-34] and thus likely below the lower limit of detection 268 

by downstream phenotypic programs. Indeed, the 5 min pulse did not disrupt the development of 269 

a majority of OptoSOS embryos with wild-type terminal signaling, indicating that it was below 270 

the threshold for triggering substantial gain-of-function developmental defects (Figure S4A). 271 

However, we found that even this brief, uniform pulse of light was sufficient to restore tail 272 

structures in a majority of OptoSOS-trk embryos without altering other developmental programs 273 

(Figure 4A; Table S1). Tail structures were rescued even more efficiently by limiting the 5 min 274 

pulse to a narrower stimulation window of 90-150 min post fertilization (Figure S4B-C), 275 
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276 

Figure 4: Three durations of terminal signaling trigger distinct developmental programs.  
(A) The fraction of normal tail structures was quantified from embryos incubated in the dark, stimulated
globally with a single 5-minute bolus of saturating blue light (“5’ pulse”), or 1 sec pulses of saturating blue
light every 120 sec (“dim”; see Figure S1B for quantification of Erk activity at similar light doses). (B) 
The fraction of embryos with 8 abdominal segments was quantified from embryos incubated in the dark, 
subjected to a global 5-minute bolus of saturating blue light (“5’ pulse”) or illuminated for 20 min at the
posterior-most 15% of the embryo with 0.6 sec pulses of saturating blue light every 30 sec. (C) Posterior 
tissue movements during gastrulation were scored by differential interference contrast (DIC) imaging of
embryos illuminated at the posterior pole. (D) Developmental sequence of terminal phenotypes rescued in
response to 0.6 sec pulses of saturating blue light delivered every 30 sec to the embryo’s anterior-most 15% 
(“anterior”) or posterior-most 15% (“posterior”), or in response to 1 sec pulses every 30 sec delivered to
the entirety of the embryo (“global”). The stimulus duration, spatial position, developmental phenotype and
a representative image are shown (OptoSOS-trk gastrulation and head structure images reproduced from
Figure 2A and 2C). Embryos are oriented with anterior to the left and ventral downward. See also Figure 
S4 and Table S1. 
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presumably corresponding to a period in which terminal gap gene expression can be triggered 277 

most efficiently (Figure 3A-B).  278 

 279 

We next tested whether tail formation could also be driven by weaker inputs delivered over a 280 

longer time period, and subjected embryos to 1 sec pulses delivered every 120 sec, a light 281 

intensity that results in less than 10% of the maximal Erk activity presented by the endogenous 282 

terminal gradient (Figure S2). Indeed, we found that equivalent rescue was obtained in response 283 

to either constant, low-intensity illumination or a brief, high-intensity pulse (Figure 4A). 284 

Together, these experiments reveal a set of remarkable requirements for a developmental cell 285 

fate choice: tail structure formation absolutely requires Ras/Erk signaling but is triggered at an 286 

extremely low total stimulus dose. Moreover, tail structures are rescued at the appropriate 287 

posterior position even by global illumination, a stimulus that does not contain any spatial 288 

information. 289 

 290 

As we progressively increasing the duration of illumination at the anterior or posterior pole, 291 

using 0.6 sec pulses of saturating blue light every 30 sec, we observed that additional 292 

developmental processes were rescued in a well-defined sequence. The 8th abdominal segment 293 

was restored as the posterior light stimulus was increased to 20 min (Figure 4B), whereas 294 

normal gastrulation movements were only restored above 45 min of posterior illumination 295 

(Figure 4C). A similar 45-min pulse was also required at the anterior pole for the formation of 296 

head structures. We thus conclude that Ras/Erk activity is interpreted into at least three all-or-297 

none developmental programs with duration thresholds spanning nearly an order of magnitude (5 298 

min – 45 min), at a stimulus intensity that drives comparable Erk phosphorylation to the 299 
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endogenous maximum terminal level (Figure 4D; Table S1). Our data are strongly diagnostic of 300 

a multiple-threshold model of terminal signal interpretation: we find that increasing the total 301 

duration of light stimulation triggers distinct developmental processes in a well-defined order. 302 

Furthermore, in at least two cases it appears that there is a correspondence between varying light 303 

intensity and duration, such that the phenotypic response would depend on the total light dose: 304 

tail formation (Figure 4A) and posterior midgut differentiation [13]. Importantly, the multiple-305 

threshold model does not conflict with our prior observation of optogenetic rescue by a single, 45 306 

min light stimulus. That is because mutant phenotypes appear to be restored in a cumulative 307 

fashion, so a given light stimulus rescues all developmental processes that are triggered at 308 

thresholds at or below this level.  309 

 310 

Gastrulation movements are robust to variation in the spatial range of terminal patterning  311 

The preceding experiments define the temporal requirements for terminal signaling, but what 312 

rules govern its permissible spatial parameters? We can again envision two extreme models. 313 

First, it is possible that only a highly restricted range of spatial pattern widths can support normal 314 

development, by balancing the proportion of cells committed to terminal and non-terminal fates. 315 

At the other extreme, many different spatial patterns could funnel into a proper developmental 316 

outcome [35], resembling the tolerance to variation in the Bicoid morphogen gradient as gene 317 

dosage is varied [36] or the Shh gradient in the neural tube of Gli3-/- mice [37].  318 

 319 

To test these possibilities, we varied the spatial domain of terminal signaling at our standard 320 

illumination intensity (0.6 sec light pulses delivered every 30 sec) and monitored a model 321 

developmental response: tissue morphogenesis during gastrulation. Terminal signaling at the 322 
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posterior pole drives formation of posterior midgut (PMG), which invaginates and moves across 323 

the embryo’s dorsal surface during germ band elongation (GBE). GBE is thought driven both by 324 

a combination of ‘pushing’ by cell intercalation at the ventral tissue (Figure 5A; red) and 325 

‘pulling’ by invagination of the posterior endoderm itself (Figure 5A; yellow) [38, 39]. Embryos 326 

derived from trk-mutant mothers completely fail both PMG invagination and GBE, leading to 327 

buckling of the elongating tissue along the embryo’s ventral surface [10] (Figure S5A). 328 

Consistent with this requirement, we found that PMG invagination and GBE were absent in 329 

dark-incubated embryos as well as over 90% of embryos that were illuminated only at the 330 

anterior pole (Figure S5B).  331 

 332 

We proceeded to systematically vary the width of posterior pattern and measured both the 333 

perimeter of the PMG and the maximum extent of GBE, comparing each to wild-type embryos 334 

as controls. We found that the size of the posterior invagination scaled linearly in proportion to 335 

the illumination width (Figure 5B), with illumination regions up to 150 μm inducing the 336 

formation of posterior invaginations more than twice the maximum observed in wild-type 337 

embryos (Figure 5A, right). Yet despite the different proportion of terminal vs non-terminal 338 

tissue, the mechanical processes of gastrulation were broadly unaffected, with PMG invagination 339 

and germ band elongation proceeding normally (Video S3). Quantitative analysis of the DIC 340 

videos indicated that germ band elongation was indistinguishable from wild-type controls as the 341 

light pattern was varied over a three-fold range, from 8–24% of the egg’s length (Figure 5C; 342 

Figure S5C). This result may partially explain the ease with which we obtained an optogenetic 343 

rescue even with imprecise illumination patterns. Furthermore, the ability to trigger 344 

morphogenetic movements at any spatial positions of interest will likely make OptoSOS-trk 345 
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embryos a rich resource for informing and challenging models of tissue morphogenesis, along 346 

with other recent optogenetic tools for guiding tissue morphogenesis in vivo [40, 41]. 347 

 348 

 349 

Figure 5: Tissue morphogenesis is robust to variations in terminal pattern width. 
 (A) Images of gastrulating wild-type embryos and OptoSOS-trk embryos stimulated with different
illumination widths at the posterior pole with 90 minutes of 0.6 sec pulses of saturating blue light delivered
every 30 sec. Yellow highlighted regions indicate posterior endoderm invagination, which expands as
illumination width is increased. Red highlighted regions indicate the elongating germ band tissue, which
buckles in loss-of-function (LOF) embryos. (B-C) Quantification of posterior endoderm perimeter (B) and 
germ band elongation length (C) as a function of the illumination width from the posterior pole. For some
embryos (yellow triangles), posterior contraction was so large as to completely disrupt germ band
elongation, a classic gain-of-function (GOF) phenotype. For others (red squares), no posterior contraction
occurred, leading to loss-of-function (LOF) failure to extend a germ band at all. For both B-C, the shaded 
region indicates the normal wild-type size (mean +/- 95% confidence interval), quantified from 27 wild-
type embryos. See also Figure S5 and Video S3. 
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Discussion 350 

Here, we demonstrate that a developmental signaling pattern can be erased and replaced with 351 

a synthetic, patterned stimulus. Our approach relies on the tools of cellular optogenetics: unlike 352 

pharmacological or genetic perturbations, light can be applied and removed quickly, focused 353 

with high spatial precision, or shaped into arbitrary spatial patterns. We found that a simple all-354 

or-none blue light stimulus, delivered to the embryonic termini, is sufficient to convert a lethal 355 

loss-of-function phenotype to rescue the full Drosophila life cycle: embryogenesis, larval 356 

development, pupation, adulthood and fecundity.  357 

 358 

Our optogenetic rescue result provides two immediate insights into the interpretation of 359 

developmental RTK signaling. First, we find that recruiting the catalytic domain of SOS to the 360 

plasma membrane recapitulates all the essential developmental functions of Tor receptor tyrosine 361 

kinase signaling at the embryonic termini. This complete molecular sufficiency is non-obvious: 362 

we previously showed in mammalian cells that OptoSOS recruitment bypasses many 363 

intracellular pathways that are normally activated by RTKs (e.g. PI3K, Src, JNK, GSK3) [17], 364 

some of which have been suggested to play roles in early Drosophila embryogenesis [42]. 365 

Nevertheless, our results are consistent with prior RNAseq data showing broad overlap between 366 

OptoSOS-stimulated and RTK-driven gene expression [22] and the observation that activating 367 

Ras pathway mutations are genetic suppressors of Tor partial loss-of-function alleles [43]. 368 

 369 

Second, our data suggest that the normally observed gradient of terminal signaling, resulting 370 

in spatially distinct domains of target gene expression, is not absolutely required for proper 371 

development. In support of this statement, our all-or-none rescue stimulus elicits a sharp 372 
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boundary of OptoSOS membrane translocation [20], generates a steeper on-to-off switch in Erk 373 

activity than the endogenous terminal gradient (Figure S3), and substantially reduces differences 374 

in the expression kinetics and spatial distribution for reporters of the terminal gap genes tll and 375 

hkb (Figure 3). The sufficiency of even coarse terminal patterns has been long suggested by 376 

classic experiments in which the Torso receptor or constitutively-active Ras allele was injected at 377 

the termini of tor embryos, partially rescuing terminal processes [15, 16]; our data extends these 378 

early studies by quantifying the resulting patterns of gene expression and demonstrating the 379 

coarse input’s sufficiency for complete phenotypic rescue. However, even though a simple all-380 

or-none pattern is enough to rescue, our data does not indicate that terminal signaling functions 381 

as a single all-or-none switch. Instead, we find that distinct developmental events are triggered at 382 

vastly different durations of Erk signaling, from rescue of tail structures with as little as 5 min of 383 

stimulation, to head structures and gastrulation movements only above 45 min. It is more likely 384 

that terminal processes operate as a series of switches with variable sensitivity, with stronger 385 

stimuli rescuing all phenotypes at or below that threshold. 386 

 387 

How can such a simple stimulus pattern be reconciled with proper development? In wild-type 388 

embryos, terminal signaling triggers expression of the terminal gap genes Tll and Hkb in distinct 389 

domains, with Tll appearing earlier and extending further from the poles than Hkb [13]. Our 390 

optogenetic stimulus eliminates these differences, widening the expression domain of a hkb 391 

reporter to approximately match that of its tll counterpart. There is no reason to expect that this 392 

optogenetic scenario would prevent Tll and Hkb from playing their independent roles at the 393 

termini (e.g., Tll triggers posterior midgut invagination; Hkb represses Snail to block ventral 394 

furrow extension; Tll and Hkb each repress abdominal gap genes and specify endoderm cell 395 
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fates) [28, 44-46]. On the contrary, we found no decrease in embryo viability when light 396 

activation was added to the endogenous terminal pattern, demonstrating robustness to the Erk 397 

dose at the termini [20]; and here, we further show that gastrulation movements are robust to 398 

variations in the spatial range of illumination (Figure 5). However, we would predict one 399 

important feature of the endogenous pattern to be entirely absent in light-rescued embryos: a 400 

terminal domain with high levels of Tll but low levels of Hkb [47, 48]. How light-rescued 401 

embryos compensate for loss of this “Tll AND NOT Hkb” signal, perhaps using other sources of 402 

anterior-posterior positional information, is an interesting question for future study [49]. This 403 

open question also reflects a broader challenge: we still lack a clear picture of the genetic circuits 404 

that decode developmental Erk signaling [50]. We expect that the approach we have taken here – 405 

combining controlled optogenetic stimulation with live-cell transcriptional imaging – could be 406 

applied to additional genes in the terminal response program to clearly define their signaling 407 

requirements in space and time.  408 

 409 

It is also important to note that light-based rescue is far from perfect, with approximately 410 

30% of embryos hatching after illumination. This loss in viability is likely to arise from both 411 

experimental and biological sources: challenges in reproducibly aligning embryos to the light 412 

pattern, leading to some error in the angle and extent of illumination at the termini; the procedure 413 

of mounting embryos in our imaging device for the entirety of embryogenesis; a loss of fitness 414 

from our simple all-or-none stimuli compared to the endogenous pattern; and the loss of parallel 415 

signaling pathways downstream of the Torso RTK that are bypassed by light-activated Ras. We 416 

anticipate that further advances in combining precise optical stimulation with non-invasive 417 
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imaging will help to quantitatively determine how much each of these differences explains the 418 

increased lethality of our optogenetic stimulus relative to wild-type embryos. 419 

 420 

There is considerable current interest in defining the rules that govern morphogenesis and 421 

patterning, both in vivo during embryo development and in engineered organoid-based systems. 422 

The optogenetic approaches defined here represent a first step toward the delivery of light-based 423 

programs to specific cells of interest within multicellular tissues. We find that even coarse 424 

synthetic signaling patterns can support normal tissue development and morphogenetic 425 

movements, suggesting that the tools of optogenetics and synthetic biology will likely be useful 426 

for generating developmental patterns that retain most or all of their essential functions [6, 51]. 427 

These capabilities could open the door to unprecedented control over developmental processes in 428 

both natural and synthetic multicellular systems.  429 

 430 
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Supplementary video legends 447 

Video S1: Complete rescue of embryogenesis in OptoSOS-trk embryo. Related to Figure 2. 448 

Time-lapse DIC imaging of a trk1 optoSOS embryo without (top) and with (bottom) a 90-minute 449 

light stimulus of 0.6 sec pulses of saturating 450 nm light delivered every 30 sec at the anterior 450 

and posterior poles; this experimentally-delivered light input is shown in the video in blue. Embryo 451 

is oriented with anterior to the left and posterior downward.  452 

 453 

Video S2: tll / mist transcription in the endogenous terminal gradient or after illumination. 454 

Related to Figure 3. 455 

Time-lapse fluorescence imaging of tll (purple) or hkb (green) MS2/MCP bursts in either wild-456 

type or OptoSOS-tsl embryos. The region of illumination is indicated by the distance from the pole 457 

to the blue line, and for all light stimuli, 0.6 sec pulses of saturating 450 nm light were delivered 458 

every 30 sec. Transcriptional foci were automatically detected as indicated by the green or purple 459 

circles, and the boundary of transcription is plotted as a vertical green or purple line. The elapsed 460 

time is indicated on each frame in hours:minutes. Embryos are oriented with posterior to the left.  461 
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 462 

Video S3: Gastrulation in an embryo exposed to a 150 μm-wide posterior light stimulus. 463 

Related to Figure 5. 464 

Time-lapse DIC imaging of an optoSOS-trk embryo exposed to a wide posterior illumination 465 

pattern (lower panel) compared to a wild-type control (upper panel). For all light stimuli, 0.6 sec 466 

pulses of saturating 450 nm light were delivered every 30 sec. An abnormally large posterior 467 

invagination is followed by germ band elongation to an extent indistinguishable from a wild-type 468 

embryo. Embryos are oriented with anterior to the left and posterior downward.  469 

 470 
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